The aim of this prospective study was to evaluate the feasibility and establish normal values of functional right ventricle (RV) parameters as assessed in our four, long-axis view RV model using iRotate echocardiography. Furthermore, we evaluated the potential use of this model in patients with abnormally loaded RVs.
Introduction
Right ventricular function (RVF) has been increasingly recognized as a prognostic factor in a variety of disease states such as left sided heart failure, pulmonary hypertension, and congenital heart lesions. 1 Therefore, accurate and reproducible quantification of RV function is a cornerstone in cardiac imaging. 2 Ideally, RV assessment should be simple, accurate, and inexpensive. In current routine clinical practice systolic RVF is commonly assessed by measuring tricuspid annular plane systolic excursion (TAPSE), right ventricular fractional area change (RVFAC), and tricuspid annular peak systolic velocity (S ′ ) using tissue Doppler imaging (TDI). More recently, peak global RV longitudinal strain from the apical four-chamber (A4C) view using 2D speckle-tracking echocardiography (STE) has demonstrated an incremental value to conventional echo parameters. 3 However, the accuracy of these parameters for assessing the RV is inherently limited because the parameter reflects only a limited region of the RV. Structured multiple-view strain analyses assessment of the RV could be of incremental value in patients with RV dysfunction. We previously introduced a 13 segment standardized model, based on anatomic landmarks for assessing the RV from one apical view using 2D-transthoracic echocardiography (2D-TTE) iRotate mode. 4 This novel four-view approach with the RV walls visualized in their longaxis may have the potential to allow analyses of all of the above mentioned function parameters resulting in an extensive and concise evaluation of the RV.
The aim of this prospective study was to evaluate the feasibility and establish normal values of different RV parameters as assessed in this multi-view iRotate RV model. In addition, the influence of age, sex, and body surface area (BSA) will be studied and finally the potential use of this method in patients with abnormally loaded RVs investigated.
Methods

Study population
From 2014 to 2015, 155 healthy subjects aged 20 -72 years were prospectively recruited and were stratified into 5 age groups: 20 -29, 30 -39, 40 -49, 50 -59, and 60 -72 years (n ≥ 28 in each group, equal distribution in sex). The inclusion criteria required that all subjects had normal results on physical examination and electrocardiography (ECG). Subjects were excluded when they met any of the following criteria: professional athletes, morbidly obese subjects (BMI .40 kg/m 2 ); (prior) cardiovascular disease; present cardiovascular risk factors; systemic disease, or the finding of cardiac abnormalities during examination at our outpatient clinic.
The study was carried out according to the principles of the Declaration of Helsinki and approved by the local medical ethics committee. Written informed consent was obtained from all subjects.
Pilot study patients
Twenty adult patients (55% male, age range 18-70) with RV pathology, consequent to congenital heart disease, were prospectively studied to evaluate RV function using this novel four-view approach. 4 All patients were referred for routine echocardiographic assessment of cardiac function and had a sufficient acoustic window. Ten patients had a volume overloaded RV due to an atrial septal defect (n ¼ 4) and tetralogy of Fallot with severe pulmonary regurgitation (n ¼ 6). Ten patients had a pressure overloaded RV (Doppler tricuspid regurgitation velocity .3 m/s), due to pulmonary hypertension (n ¼ 3), pulmonary homograft stenosis (n ¼ 2) and a systemic RV consequent to an atrial switch operation (n ¼ 5). All patients were in New York Heart Association (NYHA) Class I or II.
Echocardiographic acquisition
Two experienced sonographers (J.S.M., W.B.V.) performed a standard 2D-TTE. All studies were acquired, in the left lateral decubitus position, in harmonic imaging using an iE33 or EPIQ7 ultrasound system (Philips Medical Systems, Best, the Netherlands) equipped with an ×5-1 matrix-array transducer (composed of 3040 elements with 1 -5 MHz). Four additional RV views, based on anatomical landmarks, were acquired with iRotate mode that allows an electronic rotation of 3608 (adjustable in 58 steps). The views acquired were: a focused non-foreshortened RV view with the interventricular septum (IVS)-RV centred along or as near to the midline of the sector (4C, 08) showing the lateral RV wall, coronary sinus view (CS + +408) showing the anterior RV wall, aortic view (Ao + 2408) showing the RV inferior wall and coronal view (CV + 2908) showing the RV outflow tract (RVOT) anterior wall and inferior wall of the RV as seen in Figure 1 . 4 All images were acquired at frame rates of ≥50 frames/s. 5 Real-time 3D-TTE was performed immediately after the 2D-TTE with the same ultrasound unit and transducer. A four-or six-beat full volume dataset (27 + 8 vol/s, range 13-51) of the RV was acquired from the apical window during a single breath hold. TAPSE was measured directly on the 2D image at the end-diastolic position of the tricuspid annulus taken at the beginning of the QRS complex and its greatest apical long-axis displacement. Intra-and inter-observer variability test was not performed for TAPSE and TDI-S ′ as this has been presented in our previous article. 4 
RV 2D speckle tracking
The four RV datasets were digitally exported to a TomTec server (TomTec Imaging Systems, Munich, Germany). Data analysis was performed offline by two independent observers (J.S.M., M.E.M.), using DI-COM greyscale images. To assess peak systolic global longitudinal RV strain (RV-GLS) the endocardial boarder was traced in the RV; focused 4C, CS, Ao, and CV-view using an LV algorithm based 16-segment model wall motion-tracking software (2D CPA 1.2.3.6; TomTec Imaging Systems).
Two cardiac cycles were analysed; all views were flipped displaying the RV on the right of the screen. The endocardium was manually traced in the chosen end-diastolic frame. If the tracking results were inadequate, an end-systolic frame was traced; if this persisted the data set was excluded. The RVOT anterior wall in the CV-view was excluded in this study due to poor visibility and persistent inadequate tracking.
Peak systolic RV-GLS was obtained from each segment from software generated curves. Free wall three-segment peak systolic RV-GLS (analysed in this manuscript) was calculated from the arithmetic mean of the strain values in three segments of the RV free-wall obtained from the six-segment model. In all four views, the IVS strain values were excluded ( Figure 2 ).
Real-time 3D echocardiography
The 3DE datasets were digitally exported to a TomTec server (TomTec Imaging Systems) and analysed offline using TomTec 4D-RV function 2.0 software. After placing set landmarks RV volume and ejection fraction (EF) were automatically calculated over the entire cardiac cycle. If inadequate tracking occurred the endocardial contours were manually adjusted.
Statistical analysis
The distribution of data was checked using histograms and the ShapiroWilk test. Depending on the data distribution, continuous data are presented as mean + standard deviation (SD). Categorical data are presented as frequencies and percentages. For comparison of normally distributed continuous variables in one group we used the paired t-test, between two groups the Student's t-test. In case of skewed distribution, the Mann-Whitney U-test was applied. For comparison of frequencies the x 2 test or Fisher's exact test was used. Linear regression analysis was used to explore the relationship between echocardiographic measurements and baseline characteristics. All statistical analyses were performed using the Statistical Package for Social Sciences version 21 (SPSS, Inc., Armonk, NY, USA). The statistical tests were two-sided and a P , 0.05 was considered statistically significant. Intra-observer agreement was assessed by repeated analysis in a representative sample of subjects at least 1 month after the initial analysis and blinded to the initial results. Assessment of inter-observer agreement was performed by a second observer (M.E.M.) in the same sample. The agreement between two measurements was determined as the mean of the differences +1.96 SD. 6 Additionally, the coefficient of variation was provided (SD of the differences of two measurements divided by their mean). Venn diagrams illustrate the sensitivity of TAPSE, TDI-S ′ , and RV-GLS in the diseased RV for this four view RV model. Cut-off values were determined as the normal range mean + 1.96 SD. Comparisons of proportions were done with a two-sided Z-test. 
Results
Study population
Of the 155 subjects who participated in this study, we included 147 (mean age 44.6 + 13.7 years, 50% female). Eight subjects were excluded for one of the following reasons: breast implants (n ¼ 2), valvular pathology (n ¼ 2), surgically closed patent ductus arteriosus (n ¼ 1), hypertension (n ¼ 1), morbid obesity (n ¼ 1), and right bundle branch block on ECG (n ¼ 1). Table 1 shows the characteristics of the study population per age group. From 147 participants the focused 4C view was feasible in 145 (95%) subjects, CS view in 142 (97%), the Ao view in 142 (97%), and CV view in 139 (95%).
Conventional echocardiographic measurements RV chamber parameters
The standard parameters from the focused 4C view are displayed in Table 2 together with the basal and longitudinal diameter of the three additional views. The focused 4C view RV diameters were: basal 28 -49 mm and longitudinal 67 -97 mm. The basal diameter in the focused 4C and CS view and longitudinal diameter in all four views were larger in men than women. RV end-diastolic and end-systolic areas were larger in men than women.
RV function parameters TAPSE and TDI-S
′ measurements were analysable in, respectively, 99 and 98% of the RV walls. The standard functional parameters measured from all RV views are displayed in Tables 2 and 3 . TAPSE showed no statistically significant correlation with the sex and with the age only in the inferior wall in the Ao and CV view. TDI-S ′ correlated significantly with age in all four views (all P , 0.01). Table 2 ). No statistically significant correlation was found between RV-GLS and age (Figure 3 ), blood pressure (systolic and diastolic) or QRS duration in all four views.
Right ventricular longitudinal strain
Intra-and inter-observer variability
Intra-and inter-observer variability for RV strain was evaluated in a random subset of 20 subjects for all four views Intra-observer variability was: 4C, 0. 
Pilot study
In the pilot group, the basal and the longitudinal dimensions of the RV were in all four views increased compared with the normal values. TAPSE, TDI-S ′ , and strain measurements were feasible in all views in all patients. Figure 4 shows a Venn diagram of the three RVF parameters as evaluated in the 4C-view using the cutoff value for TAPSE and TDI-S ′ as stated in the 2015 guidelines and the RV-GLS lower level of normal as determined in this study (calculated as mean + 1.96 SD). QRS duration (ms) 96 + 8 9 7 + 9 9 7 + 9 9 5 + 10 97 + 10 the 4 RV views, only using lower level of normal values as determined in this study (calculated as mean + 1.96 SD). Abnormal values were seen in 45% for TAPSE, 39% for RV-GLS, and 20% for TDI-S ′ (TAPSE vs. RV-GLS P , 0.001 and TAPSE vs. TDI-S ′ P , 0.001). The inferior wall from the coronal view seems relative insensitive for the detection of abnormalities: abnormalities were seen in 30 vs. 61% an average in the other three walls (P , 0.001).
Discussion
This is a new step in the assessment of RVF providing a reproducible and fast assessment of regional and global function of the RV that is easily applicable in daily clinical practice. Multi-view imaging of the RV using iRotate mode has a short-learning curve and additional acquisition time. 4 
Conventional echocardiographic RV dimensions and areas
Interpretation of data depends upon the availability of robust reference limits that define 'normalcy'. 7 The two most recent large studies for reference ranges for the RV stress the importance of incorporating sex, age, and biometric data. 7, 8 This prospective study consisting of 147 healthy volunteers who are stratified per age decade is the first study publishing normal recommendations for RV dimensions and function for this novel four-view iRotate approach. The unindexed focused 4C-view RV diameters in our study were found to be larger than the normal range values as stated in the EACVI/ASE 2015 guidelines; basal 28-49 vs. 25 -41 mm and longitudinal 67 -97 vs. 59 -83 mm. RV areas indexed for BSA (as recommended in the 2015 guidelines) were also increased. In concordance with the literature dimensions and indexed areas were significantly larger in men than women. The larger RV size could be explained by the non-foreshortened RV view which is acquired with the (IVS)-RV apex centred along the midline of the 2D sector. 4 Thereby, the heart is sectioned in a slightly different way than the standard 4C-view and the focused 4C-view stated in 2005 and 2015 guidelines, respectively. 2, 9 In addition, for the non-indexed parameters it is important to note that the average height in our cohort of Dutch healthy subjects was 175 + 9 cm compared with 170 + 10 cm in the NORRE study and 171 + 10 cm in the study from D'Oronzio et al.
7,8
RV function parameters (TAPSE and TDI-S ′ )
Despite their limitations TAPSE and TDI-S ′ are simple and reproducible measurements used to assess RV longitudinal systolic function in daily practice. In our study, the feasibility of these parameters were .90% for all four views compared with 85% for RVFAC and 66% for real-time 3DE. This study presents normal values for TAPSE and TDI-S ′ taken at four points around the tricuspid annulus giving additional information and a more complete assessment of this complex RV. Both measurements from all four views fell within the normal range for the 4C-view as stated in the 2015 guidelines. 2 The lowest TAPSE and TDI-S ′ value measured was from the inferior wall in the CV-view. A significant difference between TAPSE and age groups could only be found in the inferior wall and for TDI-S ′ measurements in all four views.
Right ventricular longitudinal strain
Adequate tracking for RV strain analyses was obtained in 76% of the RV walls and the feasibility of STE was lowest in the anterior (CS-view) RV wall. These suboptimal findings most probably result from the retrosternal position of the RV in the thorax and its thin walls. Prognostic value of peak systolic global longitudinal (excluding the IVS) STE derived strain from the apical 4C view has been shown in diseased states. 2, 10 This multi-view study, differs in two-fold from the recent multiview studies from Forsha and Rajagopal; (i) standardized RV views were assessed, Forash et al. 2,11 -13 acknowledge that the lack of universal standardized views is a limitation in their study, (ii) focuses on tracking of the RV free walls, excluding the septum which reflects not just RV but also LV contractile function.
Normal values for RV-GLS are scarce; the 2015 recommendations state 229 + 4.5% but add that the data are limited and may vary depending on vendor and software version. The RV-GLS values from all four RV views fell within the normal range of the RV lateral free wall strain as stated in the 2015 guidelines. 2 It is interesting to note that the lowest strain values were seen in the inferior wall (CV-view) along with the lowest TAPSE and TDI-S ′ value. Compared with several published studies we did not find a significant correlation with strain and age and it was only in the inferior wall (CV-view) that we found a statistically significant difference in the strain values between men and women.
11,14,15
The pilot study
These patients were included to examine whether RV-GLS was feasible in the diseased RV. It is encouraging to see that feasibility is 100% in the varying diseased states. No definite conclusions can be taken from the Venn diagrams as the group is too small. However, it is interesting to note that functional parameters from the inferior wall were found to be normal in more of the patients from this pilot group when compared with the anterior and lateral wall and that TDI-S ′ seems the least discriminative. Further larger studies are needed to evaluate the full potential of this model with normal range values as mentioned by us.
Limitations
This is a single centre study on a cohort of Dutch healthy subjects with the use of single vendor specific software so our reference values may not apply to other populations and equipment. Secondly, STE is dependent on good image quality. The visualization of the anterior wall of the RVOT was only possible in a small group in the normal and pilot study population and was thus omitted from this study. Third, the software used is designed for the LV, which we adapted for the RV. 
Conclusion
Two-dimensional transthoracic iRotate mode is a very attractive way to assess the RVF of anterior, lateral, inferior and sporadically the RVOT anterior wall in a standardized way. The feasibility is good for all RV parameters, especially in the dilated RV. Normal values of RV dimension and function have been established. Further studies and a dedicated RV speckle-tracking software are warranted to discover the full potential of this new technique for the evaluation of the RV in various diseased states.
